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Low-voltage on-resonance ion selection (LOIS) was recently introduced as an alternative
technique for ion selection and storage. Under high pressure conditions and similar to the
technique of quadrupolar axialization, unwanted (unselected) trapped ions are eliminated
from the analysis cell through collisions with cell plates following orbital expansion. The ions
remaining after tens of seconds of mass selection can be detected with better coherence,
leading to improvements in ion detection and sensitivity. Here, experiments designed to test
ion remeasurement and ion transfer capabilities are presented. Simulations of ion motion give
insight into the possible mechanism of ion cooling, which does not appear to be the same as
that of the axialization process. Because of its ease of use, lack of need for additional hardware
devices, and comparable ion selection results, LOIS is an attractive alternative for trapped ion
experiments. (J Am Soc Mass Spectrom 1998, 9, 931–937) © 1998 American Society for Mass
Spectrometry
The introduction of quadrupolar excitation/ioncooling had a significant impact upon the practiceof ion cyclotron resonance (ICR). Because the
method has a unique ability to “axialize” ions, focusing
the original diffuse ion cloud into a more compact one,
and, at the same time, eliminating other species not of
interest, many researchers saw the potential to create
complex experimental paradigms that could accom-
plish measurements which were previously much more
difficult. Complex ion selection, using the method of
ejecting all other ion species using multiple chirp or
stored waveform inverse Fourier transform (SWIFT)
events, could now be accomplished in one simple step.
However, implementation of the axialization tech-
nique varies from easy to difficult depending on the
Fourier transform mass spectrometer being used. Cer-
tain excitation amplifiers are incompatible with the
required hardware switching circuits and the extra
capacitance introduced by longer cable lengths. Longer
signal paths can also introduce noise and reduce detec-
tion sensitivity [1]. To combat difficulties, many re-
searchers have reported simplifications [2, 3] to the
original experimental setup, including the introduction
of two-plate axialization [4–6]. Because ion selection is
the predominant use of ion axialization, it was of
interest to explore any methods that could achieve
similar selectivity, but without the need for such elab-
orate hardware. The present results and those in a
previous paper demonstrate that this goal has been
achieved [7]. This paper discusses the new technique of
ion selection, similar to that accomplished by ion axial-
ization, but using low-voltage on-resonance dipolar ex-
citation [7] under high pressure conditions to mass
select and store ions. The arrangement does not require
application of an in-phase pulse to opposite cell plates
as the two-plate or four-plate axialization schemes do
and, therefore, does not require additional hardware,
aside from a pulsed valve system, already present in
most Fourier transform mass spectrometry (FTMS) sys-
tems. This paper investigates the selection process and
examines its effectiveness for ion remeasurement and
ion transfer. These are two tests that can give insight
into the cooling capability of the process and its ulti-
mate limitations for ICR analysis.
Multiple remeasurement of ions for FTMS was first
introduced by Williams et al. [8]. They discovered that
if high mass ions were collided with small mass neu-
trals there was negligible scattering, and the result was
collisional deactivation. By applying long delay times of
up to hundreds of seconds between remeasurements,
efficiencies up to 98% could be achieved for m/z 2000
ions. The McLafferty paper prompted numerous re-
searchers to continue to investigate the prospect of ion
remeasurement, because it has implications for reduced
sample sizes and improved sensitivity. The papers that
followed fell into two main categories: those employing
axialization [1, 9–11] and those attempting to achieve
higher efficiency through varying experiment parame-
ters only [12–16]. The results have shown that it is
possible to achieve up to 100% remeasurement effi-
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ciency (RE). In the course of the research, it was
discovered that high RE is a function of the physical
parameters of the analysis cell, the maximum number
of ions that can be trapped, and the ion excitation radii.
Experimental
Instrumentation
A 7-tesla superconducting magnet (Oxford Instru-
ments, UK) was used in conjunction with an FTMS-2000
FTMS system (Finnigan FT/MS, Madison, WI) to pro-
vide high performance matrix-assisted laser desorp-
tion/ionization (MALDI)-FTMS. Differentially pumped
dual 2-in. cubic cells are pumped by two Edwards
diffusion pumps (Diffstak model 160, Crawley, West
Sussex, England). The sample probe was inserted man-
ually and positioned 4 mm from the source trapping
plate to allow internal MALDI ion generation using a
nitrogen laser operating at 337 nm (PTI Canada, Lon-
don, Ontario). Experiment control was carried out with
an FT/MS Odyssey system (Finnigan FT/MS)
equipped with a SWIFT cell controller. A gate valve/
leak valve combination [17] was used to maintain
constant pressure of 5 3 1025 torr argon over a variable
length of time.
Sample Preparation
Poly(ethylene glycol) 1000, gramicidin S, and insulin
b-chain were obtained from Sigma Chemical (St. Louis,
MO). Poly(ethylene glycol) 2000, poly(ethylene glycol)
6000, and 2,5-dihydroxybenzoic acid (DHB) were ob-
tained from Fluka Chemical (Buchs, Switzerland). For
gramicidin S, poly(ethylene glycol) 1000, poly(ethylene
glycol) 2000, poly(ethylene glycol) 6000, and insulin
b-chain experiments, samples were prepared in metha-
nol solutions to make DHB:analyte ratios of 200:1, 300:1,
700:1, 500:1, and 1300:1, respectively.
Experiment Control
Ion remeasurement. The spectral measurements of the
three compounds selected to study ion remeasurement,
PEG 2000, insulin b-chain, and PEG 6000, followed
identical experimental scripts, except for the gated-trap
deceleration timing [18], selection parameters, and
method of ion excitation. Following the MALDI laser
pulse, ions were decelerated and trapped using static
1.0 V trapping potentials. A 100-ms delay followed
ionization. The sequence then applied the LOIS tech-
nique to select the desired ions for remeasurement and
the pulse valve was activated. Remeasurement experi-
ments were the PEG 2000 m/z 1846 oligomer (58,613
Hz applied at 600 mV for 30 s), an insulin b-chain ion
with m/z 3496 (30,953 Hz at 300 mV for 30 s), and a
PEG oligomer with m/z 6032 (17,955 Hz at 400 mV for
30 s). Following a 3.0-s delay, in which the high pres-
sure was removed, a second sequence was started for
ion excitation and detection. Excitation of the PEG 2000
m/z 1846 oligomer and insulin b-chain worked well
employing a SWIFT file that centered on the mass-to-
charge ratio of interest, 1846 (100 Da mass width) and
3496 (10 Da mass width). Ion excitation was generated
for a 1.0 cm final ion radius in both cases. Excitation for
the PEG 6032 oligomer used a general chirp excitation
from 50 to 200,000 Hz at 400 Hz/ms. Detection in all
three cases was at a bandwidth of 400 kHz, and up to
128K data points were acquired at system pressures of
1 3 1027 torr as measured by the external ion gauges. A
third sequence ended the script with an additional LOIS
step under high pressure and a delay event. Thus, in the
manner of Hendrickson and Laude [1], sequences 2 and
sequence 3 could be looped any desired number of
times to perform ion remeasurement. Scans were stored
using the Switching Sequences option in the Process/
Store menu of the Odyssey software (V.3.1, Finnigan
FT/MS, Madison, WI).
Ion transfer. The ion transfer experiments used a single
experimental sequence. Ions were decelerated using a
gated trapping procedure, and a 2-s delay was utilized
to cool the ions. LOIS was applied at: 92,931 Hz (400
mV, 30 s) for gramicidin S ions of m/z 1164 and 50,238
Hz (400 mV, 50 s) for the m/z 2154 oligomer of PEG
2000. After ion selection, the conductance limit voltage
was dropped to 0 V to allow ion transfer from the
source cell to the analyzer cell via the 2-mm diameter
conductance limit. Transfer times of 285 and 320 ms
were used, respectively. Following ion transfer, the
conductance limit was again raised to the original
trapping potential, and a 0.8-s delay was imposed
before chirp excitation from 50 to 200,000 Hz at a sweep
rate of 400 Hz/ms. For ion detection, a bandwidth of 400
kHz was used and 256K data points were collected. The
trapping voltage was 2 V during the entire experiment.
Simulation Software
SIMION 6.0 software (Scientific Instrument Services,
Ringoes, NJ) was used to simulate the motion of ions,
employing a modified version of the sample rectangu-
lar ICR cell configuration provided with SIMION (75 3
50 3 50 mm, with a 10-mm diameter hole in the center
of each of the trapping electrodes). Singly charged
masses of 1000 and 3000 amu were simulated as pro-
duced by laser desorption/ionization in a perfectly
homogeneous 7-tesla field, and trapped with gated
trapping. A 3-V trapping potential was chosen for this
simulation.
Collisional cooling was simulated using Stoke’s Law
viscous damping as described in the SIMION manual,
with a damping coefficient of 0.001 (coefficients in the
range 0.01 to 0.0001 were tried). Simulations were done
both with and without Coulombic repulsion of 10215 C,
using between 10 and 200 ions.
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Results and Discussion
Ion Remeasurement
From the original work of McLafferty and co-workers
[8], it was shown that remeasurement of ions requires
high efficiency in order to make it worth the effort of
implementation. As these workers showed, theory pre-
dicts (Figure 1), that at 50 remeasurement cycles, the
efficiency must be greater than 98% to continue to see
signal-to-noise ratio (S/N) improvement. Indeed, inef-
ficient ion remeasurement actually degrades the overall
S/N over extended remeasurement cycles. Although
100% RE has been reported in the literature, it is only
achievable after instrumental modifications such as the
use of special cell designs [13] or implementation of
capacitive coupling in conjunction with quadrupolar
axialization [11]. The goal of the present research was to
achieve ion remeasurement without additional hard-
ware, and to provide proof that LOIS could be used for
ion remeasurement. It should be obvious that ion cool-
ing is occurring to some degree when a packet of ions of
a single mass-to-charge ratio can undergo repeated
collisions at elevated pressures of 5 3 1025 torr argon
for 30-s intervals repeated up to 100 times, without
significant ion loss.
Several compounds which produced ions with dif-
ferent mass-to-charge ratios were chosen to examine
LOIS remeasurement capability. Both sodiated gramici-
din S (m/z 1164) and a single PEG 2000 oligomer (m/z
1846) were tested for low mass remeasurement capa-
bility. Higher mass insulin b-chain (m/z 3496) and a
single PEG 6000 oligomer (m/z 6032) were tested for
high mass remeasurement capability. The results of the
PEG m/z 1846 remeasurement, shown in Figure 2,
were typical of what was observed for the lower masses
in other studies. Because of the limited ion storage
capacity of the closed cubic cell, there was a quick
reduction in ion abundance, as had been found earlier
[9, 10]. Interestingly, in the present study, there was
preferential ejection of the more abundant and higher
frequency isotopes over the other isotopic peaks. It is
not until ion populations are substantially reduced, that
remeasurement stabilizes the number of trapped ions.
This is a major consideration when using a cubic cell
over larger capacity extended cells, because the S/N
from each remeasurement upon reaching charge equi-
librium is significantly lower than that obtainable from
a single optimized laser shot. In other words, adjust-
ment of experimental parameters to reduce ion popu-
lations and to lower excitation radii to achieve efficient
ion remeasurement may actually produce results worse
than had the experiment been performed under opti-
mized single scan conditions. It has been speculated
that lower mass ions do not remeasure as efficiently as
higher mass ion species because of the collisional scat-
tering of the ions with background neutrals. This scat-
tering results in ion ejection, causing lowered efficien-
cies. Most papers published to date on this topic
corroborate this fact, with the single exception of that of
Vartanian and Laude [16] which showed efficient re-
measurement of benzene molecular ion (m/z 78).
To demonstrate that the LOIS method can achieve
significant ion remeasurement, ions of higher mass to
charge ratio, that were not expected to scatter as easily
were investigated. Figure 3 shows the remeasurement
efficiency for the m/z 3496 ion from insulin b-chain
over the period of 120 remeasurements. Here, the signal
Figure 1. Remeasurement efficiency curves showing theoretical
S/N improvement vs. scan number.
Figure 2. Remeasurement of PEG 1846 oligomer using the LOIS
method: (a) scan 1, (b) scan 5, (c) scan 10, (d) scan 15. After initial
ion selection, neighboring oligomers are no longer available for
remeasurement.
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intensity has been plotted on a log scale to make the
trend clearer. For comparison, the figure also includes
theoretical efficiency curves for four different remea-
surement efficiencies. After a slightly lower efficiency of
97.5% during the first 60 scans, the efficiency then
stabilizes to 98% RE. Unfortunately, because of the
nature of ion remeasurement as demonstrated in Figure
1, S/N improvement at this percentage increases only
during the first 60 scans. The spectra taken at 1, 25, 50,
and 75 scans were plotted in Figure 4 to show the
reduced signal intensities over the course of remeasure-
ment. S/N ratio versus the number of co-added scans
was plotted in Figure 5 and fitted with a 3rd order
polynomial function to show the leveling off of S/N at
higher remeasurement cycles beyond about 60, a con-
firmation of achievement of between 97.5% to 98% RE
for the m/z 3496 ions. Interestingly, the performance of
LOIS for ion remeasurement at this 3496 Da mass can be
compared to quadrupolar axialization remeasurement
performance demonstrated by others. The cyclotron
frequency in a 7.047-tesla field at m/z 3496 is 30,953
Hz. This is approximately the same measured fre-
quency used for Rhodamine 6G (m/z 443) in a 1-tesla
field (vc 5 34,663 Hz), where 99.5% efficiency was
obtained using a cubic cell [9], and the m/z 1846 ion of
PEG in a 4.7-tesla field (vc 5 39,097 Hz), where 100%
efficiency was achieved with quadrupolar axialization
and an open, capacitively coupled cell [11]. The RE of
the LOIS method is, without a doubt, less efficient than
the same experiment using quadrupolar axialization as
the cooling method. However, ion remeasurement con-
tinues to be a difficult experiment for any cooling
method used. A hurdle that still remains, regardless of
approach, is efficient (100%) RE over broad mass ranges
(full mass spectrum) with undistorted isotopic resolu-
tion.
The LOIS method has been demonstrated for ion
remeasurement up to m/z 6000 to date. Shown in
Figure 6 is the log plot of signal intensity versus number
of scans for the [M(n 5 136) 1 Na]1 m/z 6032
oligomer of PEG 6000. Again, for comparison, the figure
also includes theoretical efficiency curves for four dif-
ferent remeasurement efficiencies. The remeasured ef-
ficiency has dropped slightly, to between 97% and
97.5% RE, for the 60 remeasurements shown. This
oligomer ion isotopic multiplet is unresolved because of
the high pressure conditions, 5 3 1025 torr Ar, used for
the measurements. The actual scans taken at different
Figure 3. Log plot of ion abundance vs. scan number for insulin
b-chain (m/z 3496). For comparison, the figure also includes
theoretical efficiency curves for four different remeasurement
efficiencies.
Figure 4. Remeasurement of insulin b-chain using the LOIS
method: (a) Scan 1, (b) scan 25, (c) scan 50, (d) scan 75.
Figure 5. Comparison plot of S/N vs. number of coadded scans
for insulin b-chain. Spectra from scans 1–10, 1–20, 1–30, etc. were
co-added and plotted to determine average S/N improvement.
Averaging more than 60 scans shows no improvement at this RE.
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intervals are shown in Figure 7. The mismatch in size
between the molecular ion of interest and the collision
gas seem to play a significant role in constraining
applications of the remeasurement technique. Examina-
tion of the literature shows that there has been a limited
mass-to-charge ratio mass range over which results
have been published.
Ion Simulation
Results from modeling of m/z 1000 and m/z 3000 ions
are consistent with a general cooling of the disperse ion
clouds under high pressure conditions. This was ob-
served in simplified simulations in which there was no
excitation or normal excitation, where ions relax into a
disk-shaped cloud in the XY plane at the center of the
cell, estimated to be 10–12 mm in diameter in the XY
plane and less than 1-mm thick along the Z axis. Results
from two-plate and four-plate quadrupolar axialization
simulations showed ions being compressed into a line
of negligible width and approximately 5 mm in length
along the Z axis. In SIMION simulations of LOIS,
shown in Figure 8, the ion cloud is not appreciably
compressed, but most of the ions with a radius greater
than approximately 3 mm from the center of the cell are
ejected along the Z axis. The resulting cloud is a thin
disk in the XY plane with a diameter of about 5–6 mm.
Excitation voltages investigated during LOIS simula-
tions varied from 10 to 500 mV. No difference in ion
cloud behavior was observed between m/z 1000 and
m/z 3000 ions.
The degree to which these simulations are represen-
tative of reality is uncertain, but the general results are
consistent with our observations on ion transfer
through the conductance limit to the extent that qua-
drupolar axialization produces a small ion packet that
can be efficiently transferred, whereas LOIS yields a
larger, less dense ion cloud that is not as efficiently
transferred. If this is the case, then the LOIS method
might be preferable over quadrupolar axialization for
many trapped ion experiments because an ion cloud is
not forced to occupy the Z axis of the cell, which could
possibly lead to space–charge, accelerated adduction
Figure 6. Log plot of ion abundance vs. scan number for PEG
6032 oligomer. For comparison, the figure also includes theoretical
efficiency curves for four different remeasurement efficiencies.
Figure 7. Remeasurement of PEG 6032 oligomer using the LOIS
method: (a) Scan 1, (b) scan 20, (c) scan 40, (d) scan 60.
Figure 8. Simion plots of m/z 3000 ions: (a) trapped ion cloud
following MALDI event and (b) ion cloud following LOIS event
showing ions that remain in cell.
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with other species, or to the onset of phase locking [19].
However, these factors have not been tested.
Ion Transfer
The ability to transfer ions between two analysis cells
separated by a conductance plate is usually dictated by
the average cyclotron radius of the ion, its average
magnetron radius, and its Z-axis oscillation frequency.
Ions with low mass-to-charge ratios oscillate at a higher
trap frequency relative to those with higher mass-to-
charge ratio. Figure 9 demonstrates the successful ion
transfer of the m/z 1164 ions from gramicidin S across
the conductance limit. Figure 9a is a standard MALDI
experiment showing source cell sodiated gramicidin S
with m/z 1164 as the dominant peak. Figure 9b is the
spectrum resulting from addition of a LOIS event, but
still detecting in the source cell. Figure 9c, d show
analyzer cell detection without (Figure 9c) and with
LOIS applied (Figure 9d). It is clear that, under high
pressure collisions, without the low-voltage on-reso-
nance excitation, there is no mass-selected gramicidin S
to transfer. An estimate of 23% transfer efficiency is
made at this mass. However, the results are less impres-
sive for higher mass-to-charge ratios. Ion transfer for
the m/z 1846 ion from PEG 2000 showing only 4%
transfer efficiency, and m/z 3000 ions could not be
transferred at all.
Although not as efficient as axialization for ion
transfer, the LOIS method does seem to work for ions
with m/z below 2000. Multiply charged ions should
transfer with similar efficiency in this same mass-to-
charge ratio range. Increased diameter conductance
limits would obviously improve the situation.
Conclusions
LOIS is an effective technique for mass selection of
trapped ions. By raising the number of collisions, ions
that are not selected for storage are ejected from the cell,
and the ions that remain form a smaller ion cloud that
gives a more coherent detection. This mass selection can
be exploited for general parent ion selection or can be
used at multiple frequencies to perform complex MSn
experiments. In addition, ion remeasurement with effi-
ciencies up to 98% can be performed on single mass-to-
charge ratio ions without instrumental modifications
using the standard cubic cell design.
Because the LOIS method is not well understood,
future work will address experimental parameters that
produce optimum selection efficiency. Because of the
increased ion storage capacity of elongated open and
closed cell designs, it would be interesting to compare
their performance to results generated from use of the
cubic cell.
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